The relative reactivities toward reduction by free flavin semiquinones of cytochromes (c-type cytochromes, cytochrome b5, c'-type cytochromes) iron-sulfur proteins (high-redox-potential ferredoxins, rubredoxins, low-redoxpotential ferredoxins), and blue copper proteins (plastocyanin, azurins) 
Unpaired spin densities are comparable to those obtained for individual aromatic porphyrin ring carbon atoms. Thus, the exposed sulfur of ring C may act to facilitate electron transfer. Previous work from this laboratory (1) (2) (3) (4) (5) has demonstrated that rate constants for reduction of a homologous series of redox proteins [cytochromes c or c', high-redox-potential ferredoxins (HiPIPs), and blue copper proteins] by free flavin semiquinones can be related to redox-potential differences. This has allowed the establishment of relative intrinsic reactivities for proteins with the same type of prosthetic group, which were shown to correlate qualitatively with the degree of solvent exposure of the redox center at the protein surface (1) . The present work represents an effort to place this latter correlation on a more quantitative basis by using atomic coordinates derived from x-ray crystallographic analysis to calculate the extent of solvent exposure of various atoms of the heme centers, iron-sulfur clusters, and copper sites of several electron-transfer proteins. In the case of the c-type cytochromes, we have also evaluated the extent of delocalization of porphyrin ring i and iron d orbitals using molecular orbital calculations of unpaired spin densities. As will be demonstrated below, the results of these calculations are in good agreement with our kinetic measurements and suggest a possible role in the electron-transfer mechanism of the sulfur atom of the thioether bridge that covalently links heme ring C to the protein in the cytochromes c.
METHODS AND MODELS Molecular orbital descriptions for ferric and ferrous heme c were calculated by the charge-iterative extended Huckel (IEH) method. The program (6) and parameters (7-9) have been described. The convergence limit for the atomic charges was 0.0156 electron. The models used for heme c are shown in 
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defines the y axis in Fig. 2) , and the thioether bridges to pyrrole rings B and C have the same chirality (S) with regard to the porphyrin. In addition, the bridging sulfurs are out-ofplane, on the histidine side. All of these features were incorporated into the model. The chirality of the ligating methionine does vary, however, corresponding to two orientations above the porphyrin ring, designated R and S by Wuthrich and coworkers (12, 13 Visual inspection of 3-dimensional structural models of the cytochromes considered here indicates that the heme is more exposed in cytochrome b5 than in cytochrome c, and that cytochrome c' has the greatest prosthetic group exposure (approximately half of the heme face). In the case of the iron-sulfur proteins, the redox center in HiPIP is clearly less exposed than in either rubredoxin or the low-potential ferredoxins. In Fig. 2 in which considerable side-chain movement would be necessary in order to achieve solvent accessibility. It can be seen from the calculated values that, even though the whole edge of the heme in the low-spin c-type cytochromes (tuna cytochromes c, R. rubrum cytochrome c2, and Pseudomonas cytochrome c-551) can be observed by visual inspection, the major positions of solvent exposure are the two methyl side-chain carbon atoms of pyrrole ring C and the sulfur of the thioether bridge. In cytochrome b5, the methyl and propionate side chains ofboth pyrrole rings A and D have significant exposure to solvent. In cytochrome c', side chain atoms of pyrrole rings A, B, and C; the sulfur atoms of both thioether bridges; and atoms of the histidine ligand are all clearly solvent-exposed. Therefore, the three types of heme protein have extents of solvent exposure of atoms in the immediate environment of the redox-active iron atom that correlate well with the kinetics of reaction with lumiflavin semiquinone (Table 1) . It should be emphasized that this correlation is highly dependent on the reaction being studied, in this case interaction with the relatively small lumiflavin molecule. For the reaction between these heme proteins and the comparably sized flavodoxin molecule (Table 1) , reactivities can no longer be correlated with solvent exposure of redox centers but depend on more extensive features of the surface topography. Thus, tuna cytochrome c is less reactive with flavodoxin than are other homologous c-type cytochromes such as R. rubrum cytochrome c2 and Pseudomonas cytochrome c-551 because there are projecting amino acid side chains on the front surface of the tuna cytochrome, which prevent flavodoxin from approaching as closely but which are unimportant as barriers to the approach of lumiflavin (or solvent) (17) . This is even more dramatically illustrated for cytochrome c', in which the heme face is solvent-exposed at the bottom of an approximately 10-Adeep groove on the protein surface, which provides a steric barrier to the close approach of flavodoxin but which again does not restrict access to lumiflavin (or other small molecules) (3).
The results of exposure calculations on the iron-sulfur proteins are given in Table 2 . As is evident, only the two low-potential ferredoxins showed any solvent accessibility of the iron-sulfur clusters when a 1.4-A-radius probe was used.
In order to demonstrate any difference in exposure between rubredoxin and HiPIP, the probe radius had to be slightly decreased. Thus, also shown in Table 2 is a calculation for a probe radius of 1.3 A. In this case, rubredoxin showed accessibility at the sulfur atom of Cys-9, whereas HiPIP continued to have no exposed iron-sulfur cluster or cysteine sulfur ligand atoms. Only very slight changes in exposure were obtained for the other ferredoxins with the 1.3-A probe.
Thus, for the iron-sulfur proteins, we conclude that both kinetics (Table 1 ) and calculated exposure place HiPIP at the lowest level, rubredoxin at a slightly higher level, and the low-potential ferredoxins at the highest level; as with the heme proteins, increased reactivity can be correlated with increased accessibility.
Also included in Table 2 are solvent exposure calculations on the active sites of plastocyanin and two azurins. Based on kinetic measurements with lumiflavin semiquinone, we have concluded previously that the intrinsic reactivities of spinach plastocyanin, P. aeruginosa azurin, and Alcaligenes sp. azurin are identical (5). As is evident from the exposure values given in Table 2 , these (or closely related) proteins have very similar solvent accessibilities to the copper and its associated ligands-i.e., the copper atom is buried, and the same atoms on the liganding histidine ring are accessible. However, it must be noted that the absolute values of the calculated exposed surface areas are rather different. This may or may not be significant, inasmuch as the exposure values will be dependent on the quality of the x-ray structural analyses for the individual proteins and the static crystal structure is only one of many possible solution conformations. Such alternative conformations would principally involve side chains of surface residues and, thus, would affect surface topography. Furthermore, the kinetic effect of differences in the magnitudes of exposure are difficult to predict a priori without a detailed evaluation of effects on orbital overlap and electron-transfer distance. This is worthy of additional investigation.
A major center of solvent exposure in the c-type cytochromes (cf. Fig. 2 ) is the sulfur of the thioether bridge that covalently links ring C to the protein (the sulfur of Cys-17 of tuna cytochrome c). Delocalization of ring and iron d orbitals onto this sulfur would effectively extend electron density from the aromatic edge of the heme. For protein-protein or self-exchange reactions, this would decrease the distance over which the electron has to tunnel, and for reactions with small molecule reductants and oxidants, the sulfur would provide a sterically accessible site on the protein surface through which electron transfer could occur. This possibility was examined theoretically with IEH calculations on low-spin ferric and ferrous models for heme c ( acceptor orbital for electron transfer, is found to be delocalized -25-30% onto the porphyrin macrocycle ¶ including the SNote that the total delocalization of the iron d4 orbitals onto the axial ligands is very small, -0-3%, with <<l% on the imidazole. Fig. 2 (4-20%) . '1 Since our results predict that both porphyrin Xr and Fe(III) d, orbitals can delocalize out to the bridging cysteinyl sulfurs, we conclude that the exposed sulfur of ring C may provide a pathway for electron transfer. From the tuna cytochrome c heme coordinates, it can be shown that the sulfur extends the porphyrin system =3.7 A relative to carbon-4 of ring C. Based on our previous results on the reduction of c-type cytochromes by FMN semiquinone (see Table 3 and ref.
2), we estimate that this distance could result in a rate enhancement of as much as a factor of 5. In summary, we have used solvent exposure calculations to indicate the site(s) at which electron transfer between redox proteins and small molecules might occur with greatest frequency. Theory predicts that electron-transfer rate constants should drop exponentially with distance because of both electronic coupling and solvent reorganization effects (22) . This is probably the cause of the correlations described herein. For cytochrome c, the closest contact between the redox center and small reductants would be at the bridging cysteinyl sulfur of pyrrole ring C, which we have shown may carry as much as 4% of the unpaired spin density of the heme.
For larger reductants such as other proteins, closest approach need not necessarily occur at the sulfur but may be anywhere along the "exposed heme edge" and may occur at different effective distances depending upon the surface topographies of the redox partners.
